Background: Mixed-symmetry 2 + states in vibrational nuclei are characterized by a sign change between dominant proton and neutron valence-shell components with respect to the fully symmetric 2 + state. The sign can be measured by a decomposition of proton and neutron transition radii with a combination of inelastic electron and hadron scattering [C. Walz et al., Phys. Rev. Lett. 106, 062501 (2011)]. For the case of 92 Zr, a difference could be experimentally established for the neutron components, while about equal proton transition radii were indicated by the data. 
state and verification of the expected vanishing of the proton transition radii difference between the one-phonon 2 + states in 92 Zr. 
I. INTRODUCTION
Collectivity, isospin symmetry and shell structure are generic features of the nuclear many-body quantum system. Collective nuclear valence-shell excitations are a key to understand how these features coexist, interplay and compete. In vibrational nuclei, the development of predominantly proton-neutron symmetric collective nuclear structures at low excitation energies is governed by the strong residual proton-neutron interaction. Their existence implies -due to quantum-mechanical orthogonality -the formation of collective states with, at least partial antisymmetry with respect to the contribution of proton and neutron valence-space components to their wave functions. Such excited states are said to have mixed symmetry [1] . The investigation of mixed-symmetry states (MSS) is an important source of information on the effective proton-neutron interaction in the valence shell of heavy atomic nuclei [2] .
MSS have been defined in the framework of the proton-neutron Interacting Boson Model (IBM-2) [3] . In analogy to the isospin symmetry of nucleons, the symmetry of a multi- The prediction of the IBM-2 with respect to a multi-phonon structure of MSS in vibrational nuclei was confirmed about ten years ago by the observation of large M 1 transition strengths between low-energy states of 94 Mo [4] [5] [6] . The 2 + states were also investigated with electron scattering experiments at the superconducting electron accelerator S-DALINAC and with proton scattering at iThemba LABS [7] . The combined analysis supported a one-phonon structure of the 2 In the neighboring even-even isotone 92 Zr with two neutrons outside the N = 50 closed shell and with the Z = 40 sub-shell closure, a stronger configurational isospin polarization of the one-phonon states than in 94 Mo is expected [8, 9] . Recent work showed that the collectivity of the low-lying symmetric and mixed-symmetric quadrupole excitation in vibrational nuclei originates from the coupling of the giant quadrupole resonance to the dominant valence-space configurations [10] . Experimental evidence in 92 Zr and 94 Mo stems from the observation of a difference of the respective matter-transition radii (deduced from proton scattering) while charge-transition radii (deduced from electron scattering) were found to be about equal. The difference results from a sign change of the dominant valence neutron amplitude in MSS with respect to the FSS.
The present work provides an in-depth study of the electron scattering results on 92 Zr. In particular, we discuss a new method for a model-independent determination of the ratio of the E2 transition strengths of fully symmetric and mixed-symmetric one-phonon excitations in heavy vibrational nuclei, which at the same time provides an estimate of the sensitivity to the transition-radius difference between these two states. The results are furthermore interpreted in the framework of the QPM (for an introduction to the model see [11] ).
II. EXPERIMENT
The experiment has been carried out at the Darmstadt superconducting electron linear , E x = 1.847 MeV). Peak areas A of the transitions were obtained from a spectrum decomposition using the line shape described in Ref. [13] . Absolute differential cross sections were determined from normalization to the elastic scattering peak.
Theoretical elastic scattering cross sections were obtained from calculations with the code PHASHI [14] using charge density distributions from Ref. [15] . The resulting inelastic cross sections with statistical uncertainties are given in Tab. I normalized to the Mott cross section.
The overall systematic uncertainties of the normalization due to the model description of the charge density and experimental kinematic parameters (electron energy, scattering angle) were estimated to 5%, which were added in quadrature. 
In the present application (details are given in Ref. [10] ), excited states in 92 Zr are described by wave functions including one-, two-, and three-phonon configurations. Note that the results are very similar to an earlier QPM study of the 2 + MSS in 92 Zr [16] . Theoretical 
IV. PWBA ANALYSIS
The transition strengths derived from the (e, e ) data depend of course on the applied nuclear structure model. In light nuclei it has been shown that transition strengths can be extracted in a nearly model-independent plane-wave Born approximation (PWBA) analysis [19] . It assumes that Coulomb distortions of the electron wave function can be approximated by an overall correction factor determined from the g.s. charge distribution of the nucleus.
For kinematics where transverse contributions can be neglected, the differential cross sections for electric transitions are then given by
where a λ = πλ
The symbol α denotes the fine structure constant, λ is the transition multipolarity, and V L (θ) is a kinematic function given e.g. in Ref. [19] . The quantities B(Cλ) and the reduced transition probabilities B(Eλ) from real-photon experiments can be related by Siegert's theorem [20] B(Cλ, q) = q 2 /k 2 B(Eλ, k).
The Coulomb correction factor
is determined from the ratio of DWBA and PWBA calculations employing the QPM transition densities.
The reduced transition probabilities can thus be related to the experimental differential cross section by
For low momentum transfers, B(Cλ, q) can be expanded in a power series of the momentum transfer
Here, R 
with ρ λ tr (r) desribing the transition density of multipolarity λ. In general, the PWBA approximation is not valid for a heavy nucleus like 92 Zr. However, it may hold for the ratio of cross sections populating the 2 + FSS and MSS for the following reasons: (i) the kinematics for both transitions are almost identical, and (ii) transition densities of collective transitions of a given multipolarity are similar (see, e.g., Fig. 2 in Ref. [10] for the cases studied here). Figure 3 momentum transfer included in our experiments. Consequently, the effects from Coulomb distortion can be neglected in a relative analysis, and the extraction of the B(E2) ratio can be achieved with improved accuracy, since systematic errors in the determination of absolute cross sections cancel.
Employing Eqs. (3) and (4) and defining the transition radius R tr = R 2 tr , the ratio of reduced transition strengths can be approximated by
where the indices 1, 2 indicate the transitions to the 2 can be determined precisely with an uncertainty of about 1%, the accuracy of the absolute value is presently limited by the error of the B(E2; 2 fm, where the uncertainty is dominated by the limited number of data points with small enough error bars at sufficiently low momentum transfers. One way to improve the fit is the inclusion of the results of Ref. [17] providing an additional data point at q 0 = k. The resulting fit (red curves) with 1σ error bars (green curves) shown in Fig. 4 corresponds to ∆R = −0.12(51) fm consistent with equal proton transition radii to about half a fm.
Finally, we briefly comment on a possible dependence of the result on a variation of the absolute size of the charge transition radius R tr,1 . We have repeated the analysis for 9 different values of R tr,1 between 4 and 7 fm, thereby overexhausting the range of possible values expected from model calculations and from the phenomenological finding that the transition radii of collective excitations differ not too much from the radius of the nuclear ground state [19] . As demonstrated in Fig. 5 , the deduced difference of the charge transition radii is independent of the choice of R tr,1 .
V. SUMMARY
To summarize, an investigation of the nature of one-phonon symmetric and mixed- We thank R. Eichhorn and the S-DALINAC crew for their commitment in delivering
